Abstract-This letter reports on the fabrication, simulation, and characterization of conformal antireflective black-silicon (BSi) nanowires on a 3-D silicon structure. The BSi nanostructures were formed on various facets of a 3-D Si structure including sharp tips and sidewalls using a metal-assisted chemical etching process. The conformal BSi design was simulated using an finite-difference time-domain Lumerical software. The antireflection capability was indicated by the quantified reduction in normalized intensity after the image processing of diffraction patterns. An optical iris of 1.00-mm circular aperture with conformal BSi nanowires was fabricated and characterized to demonstrate the anti-reflectivity capability at two visible wavelengths of 532 and 633 nm. The iris showed a significant reduction in glare around its Airy disc, up to 3× smaller than the same one but without the BSi nanostructures.
I. INTRODUCTION
M ANY optical components are preferred to have antireflective surfaces. Expensive coating materials used in optical components generally cannot be conformally applied onto surfaces of 3-dimensional structures using conventional fabrication methods, e.g. dip coating, spin coating, meniscus coating, etc. [1] . Covering only the top surface with antireflective coating is insufficient to fulfill antireflective purpose where other facets such as sidewalls and edge tips of the entire 3D structure could produce significant reflections. Moreover, most of these antireflective materials are not broadband in the visible spectrum, but instead target only a single or multiple narrow bands [1] .
Silicon (Si) nanostructure formation has the flexibility and freedom to design multiple spatial shapes to target many applications in various fields including solar energy, energy storage, superhydrophobicity, biological sensing, photonics and optics [2] . In particular, Si nanowires (SiNW) are one of the most attractive nanostructures out of the family of semiconductor materials. It has been widely named as black-silicon (BSi) surfaces, consisting of dense Si nanostructures, after its accompanying dark antireflective property. The BSi has the potential to function as an antireflection coating and efficiently absorbs light across the visible broadband [2] , [3] . The structures are composed of high-aspect ratio pillars with subwavelength diameters, which can be achieved by standard and low-cost fabrication processes replacing many expensive coating materials [2] , [4] . Although BSi surfaces increase scattering, the antireflective property overcompensates, leading to decrease in the overall stray reflections. Here, we report on conformal antireflective surfaces on 3D Si structure to reduce stray reflections. The antireflective nanostructure was formed using a metal-assisted chemical (MAC) etching process to achieve desired conformity on the 3D Si structure. A measurement setup was designed for optical characterization in a way to quantify the reduced stray reflection in a diffraction pattern through image processing. Here, we employed the antireflective surface on an iris, though similar concept can be readily extended to other comparable optical components where antireflection is desirable, such as optical filters, solar cells, supporting optomechanical mounts, and photolithography underlying layers [5] .
II. FABRICATION
Various methods were reported to form the high-aspect ratio SiNW (i.e. BSi) by using either top-down or bottom-up tactics [2] . The MAC etching (as an isotropic process) was developed to form SiNW in all 3D facets to achieve the desired conformal antireflective surface. In the first step [ Figure 1 (a)], noble metal (Ag) nanoparticles were deposited on Si facets using electroless plating forming the desired morphology [6] . The well-separated silver nanoparticles were deposited in a diluted solution of silver nitride (AgNO 3 ) and hydrogen dioxide (H 2 O 2 ) for 1 min to achieve a dense layer with overlapping nanoparticles [7] . In the second step [ Figure 1 (b), (c)] in a diluted solution of hydrofluoric acid (HF) and H 2 O 2 at 50°C for 1.5 min, Ag catalyzed Si oxidization in the chemical reaction by injecting holes into the Si near Ag due to reduction of the oxidant (H 2 O 2 ). Si etching rate under Ag was much faster than areas without Ag catalyst. Ratios in solutions were adjusted carefully to achieve desired dimensions and density of vertical SiNWs for conformal coverage. Finally, Ag was etched in ammonium hydroxide solution [ Figure 1(d) ]. This step is important to achieve conformal antireflective surfaces by removing crystalized Ag formed around the orifice edges, which could be due to voids in the Si crystal structures.
To demonstrate the conformity in anti-reflectivity, an iris with 1.00-mm circular aperture was fabricated utilizing reactive ion etching (RIE) on a thin 50-µm-thick Si wafer. The SiNW was etched on iris surfaces, leading to high absorption across the visible spectrum [ Figure 2 (a) ]. Clear contrast is observable between the central area of highly reflective bare Si (much brighter) and the outer area of highly 1057-7157 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. absorptive BSi (much darker). The RIE step was tuned to obtain the desired cross-sectional profile of the orifice [ Figure 2 (b)], the dry etch was tuned and timed to achieve a straight vertical wall initially, followed by a tapered profile to achieve a sharp ending tip at the front side of the iris orifice [8] . The scanning electron microscopy (SEM) image of the cross-sectional profile of the iris [ Figure 2 
III. REFLECTION CHARACTERIZATION AND SIMULATION
Reflections from fabricated Si samples with and without antireflective BSi were characterized using a spectrometer equipped with all-reflecting double-monochromator optical system (Lambda19 by Perkin Elmer). The system has an integrating sphere to collect all scattered light. Reflection measurements were conducted versus a certified white reflectance standard across the visible spectrum from 350 nm to 750 nm. The reflection range was 34.0-65.2% for the Si sample and 0.8-1.9% for the BSi sample [ Figure 3 (a) ].
The iris was designed to measure and quantify the reduction in unwanted stray reflections from all 3D structure facets after forming conformal antireflective SiNW. The characterization process involves quantifying undesirable stray light reflections after the iris. The deviation from the ideal far-field (Fraunhofer) diffraction pattern is considered as a noise caused by undesirable stray light reflections. As a collimated light beam diffracts after passing through a circular aperture, the light intensity (irradiance) pattern at the far-field is given by a sinc beta function. Ideally, diffraction with no stray reflections would result in a sharp diffraction pattern at the far-field. Practically, undesirable stray light reflections appear at the far-field as noise added over the ideal pattern. The diffraction pattern thus becomes blurry compared with the ideal case with an obvious effect at the Fraunhofer dark rings.
Finite-difference time-domain (FDTD) Lumerical Solution software was utilized to simulate the SiNW and comparing the optical performance of irises with and without BSi. A plane wave passed through an iris of 25-µm orifice size with a tapered side wall. The dimensions of the vertical SiNW were very similar to the ones previously discussed, with the diameter, spacing, and height are 100 nm, 200 nm and 2 µm respectively. Simulations were conducted at the 537 nm wavelength while far-field was projected on a 1.00-m radius hemispherical surface. The antireflective improvement was quantified at Fraunhofer dark rings showing a reduction of up to 3× in BSi irises [ Figure 3 (b)-(c) ].
IV. EXPERIMENTAL SETUP AND IMAGE PROCESSING
The experiment setup for quantifying antireflection reduction in the Fraunhofer diffraction pattern using fabricated irises was built utilizing a reflective beam expander (RBE). RBE was used in order to reduce the unwanted light interference appearing in the acquired image (due to internal light interference from reflective surfaces) when a regular refractive (lens-based) beam expander was used. Two laser sources were used to test at two different wavelengths: 532 nm (green) and 633 nm (red). The diffraction patterns were recorded using a CCD camera (CGN-C013-U, Mightex). The measurements were conducted in a dark room to reduce the noise caused by ambient light. The recorded CCD images obtained from the fabricated irises with and without BSi are shown in Figure 4 (a), (b) where the glare around the edge of the Airy disc is noticeably reduced.
Collected images were digitally processed using MATLAB to quantify the difference between irises with and without BSi. In diffraction patterns, the difference between normalized light intensities at concentric dark rings (surrounding the Airy disc) was quantified as an indicator for undesirable stray light reflection reduction. The image processing removed high frequency fringes due to unavoidable internal interference and maintained an adequate scaling ratio in order to obtain a comparable curve plotting. 
V. RESULTS
The results obtained from fabricated irises with 1.00-mm orifice size matched the FDTD simulation results. Both show a reduction in undesired stray reflections. Despite the fact that BSi surfaces cause additional light scattering, the antireflective property of the designed conformal BSi surfaces overcompensated, resulting in a net reduction of undesired stray reflections. In Figure 4 , the light intensities at dark rings were reduced for both 532 nm and 633 nm wavelengths owing to the reflection reduction from the conformal antireflective SiNW covering orifice edge tips and sidewalls. The average reduction in the normalized light intensity at dark rings was about 2-3× for both the green and red laser sources.
VI. CONCLUSION
In summary, we successfully formed SiNW conformally on sidewalls and edge tips of a Si optical device (i.e. an iris) and demonstrated that such conformity covering a 3D Si structure could significantly reduce the undesirable stray light reflections from the surfaces. In future work, the devices will be characterized more extensively at other realms of the spectrum. In addition, different devices such as Fresnel lenses and gratings could benefit from this technology of reducing undesirable stray light reflections.
